In vitro data suggest that injury to the posterior cruciate ligament stresses the posterolateral structures of the knee, placing them at greater risk of secondary injury. However, it is not known how isolated posterior cruciate ligament deficiency affects these soft tissue stabilizers of the knee joint in vivo.
Lately, there has been increasing evidence in the literature that isolated rupture of the posterior cruciate ligament (PCL) is not as benign as previously thought. 7, 10, 14, 35 Even though many patients do relatively well with nonoperative treatment fairly long term, several studies have shown that as PCL deficiency becomes chronic, there is an increased incidence of pain, swelling, and instability that may eventually result in joint degeneration. [4] [5] [6] [7] 14, 35, 36 A potential explanation for poor patient outcome after PCL injury is that changes in tibiofemoral kinematics might disturb the normal function of other structures in the knee. Measurements of in situ forces in cadaveric human knee specimens indicate that transection of the PCL significantly increases the in situ forces in the lateral collateral ligament (LCL) and the popliteus complex. 13 However, it is still unknown how PCL deficiency affects the posterolateral structures in vivo.
In this study, we investigate the effect of isolated PCL deficiency on the apparent length of the posterolateral structures of the knee (ie, LCL and popliteus muscle) during weightbearing knee flexion in vivo. We use magnetic resonance (MR) imaging and dual-orthogonal fluoroscopy to measure the changes in the apparent length of posterolateral structures during weightbearing motion of the knee from 0° to 120° of flexion with contralateral uninjured knees used as controls.
MATERIALS AND METHODS

Patient Recruitment
Fourteen patients (10 men and 4 women; age range, 19-64 years; active on a moderate athletic level before injury and with no previous abnormal conditions of the knee or lower limb) with complaints of knee laxity were included in the study. The protocol was approved by the Institutional Review Board (IRB) at our hospital. Each patient signed an IRB-approved consent form before participating in the study. The included patients had diagnosed unilateral PCL injuries documented by clinical examination (<25-mm posterior drawer test result) and MR imaging. The patients had minimal associated injuries to other soft tissue structures and had healthy contralateral knees. Nine patients had isolated PCL injuries, 2 patients sustained medial meniscal tears requiring removal of <30% of the meniscus, 2 patients sustained tears of both medial and lateral menisci requiring removal of <40% of the meniscus on each side, and 1 patient showed intrasubstance signal abnormalities in the posterior horn of the medial meniscus. Patients with combined injuries to the posterolateral structures were excluded from the study. Each patient was carefully examined for posterolateral injury by an orthopaedic surgeon specializing in sports medicine, and posterolateral injury was also ruled out on MRI by a musculoskeletal radiologist. The average time from injury to testing was 22 months. We also evaluated the symptoms, function, and sports activity of the included patients at the time of scanning by the International Knee Documentation Committee (IKDC) scoring system.
Three-Dimensional Knee Model
With the patients supine and the knee in a relaxed, extended position, both knees were imaged with an MR scanner using a 3-T magnet (MAGNETOM Trio, Siemens, Erlangen, Germany) and a fat-suppressed 3-dimensional (3-D) spoiled gradient-recalled echo sequence. The MR scans spanned the medial and lateral boundaries of the knee. Parallel sagittal and coronal plane images (resolution, 512 × 512 pixels) with a field of view of 16 × 16 cm and a spacing of 1 mm were taken. These images were then used to create 3-D models of the knees in a solid modeling software (Rhinoceros, Robert McNeal and Associates, Seattle, Washington). Each anatomical knee model included the geometry of the femur, tibia, and fibula, as well as the attachment sites of the lateral collateral ligament (LCL) and popliteus muscle. The ligament and muscle attachment sites were obtained from the MR images with the assistance of anatomical studies. † Before determining the insertion sites on the MR images, we reviewed studies by LaPrade et al 16 and Brinkman et al 2 that determined the insertion site geometry, quantified insertion areas, and quantified relationship to the surrounding bony landmarks. They showed that the LCL and popliteus have consistent attachment patterns and that the intersubject variations are less than the typical size of drill holes used in surgical reconstruction. Furthermore, in preparation for this study, we dissected 5 cadaveric knee specimens and meticulously identified the insertion site anatomy of the LCL and popliteus. Once the MR images of each studied knee were obtained, they were imported into a virtual environment of the solid modeling software where the insertions were digitally outlined on each MR cut. Thereafter, both an orthopaedic surgeon specializing in sports medicine and a musculoskeletal radiologist verified the outlined insertions on each studied knee. Representative MR images are shown on Figure 1 . Furthermore, to test the repeatability of determining insertion site anatomy using this technique, we have measured the insertion areas and distance between their centroids 5 times in one knee. The repeatability represented by the standard deviation of measurements was <2 mm 2 for the insertion site area and approximately 1 mm for the distance of centroids.
Dual-Orthogonal Fluoroscopy and Reproduction of Knee Kinematics
After the MR image-based computer models were constructed, both knees of each patient were imaged using 2 orthogonally placed fluoroscopes (OEC 9800, General Electric Healthcare, Chalfont St Giles, United Kingdom) as the patient performed a quasistatic single-legged lunge at 0°, 30°, 60°, 75°, 90°, 105°, and 120° of flexion. The flexion angle was verified with a goniometer as patients stood upright on the platform with the fluoroscopes positioned in the horizontal plane. These images were used to quantify the in vivo knee position at each of the targeted flexion angles. The orthogonal images were imported into the solid modeling software and placed in the orthogonal planes based on the position of the fluoroscopes. The MR imagebased knee models were viewed from 2 fluoroscopic directions corresponding to the views of the fluoroscopes. The models were manually manipulated in 6 degrees of freedom inside the software until the models matched the outlines of the tibia and femur on the fluoroscopic images. When the projections matched the outlines of the images taken during in vivo flexion, the model reproduced the in vivo position of the knee. A series of knee models that reproduced the knee position at all target flexion angles re-created the in vivo knee flexion from full extension to 120°o f flexion. These imaging techniques have been described in detail in previous publications. 21, 29, 30, 38 This system has been rigorously validated and has an accuracy of 0.1 mm in translation and 0.2° in rotation. 22 
Measurement of Apparent Length of Posterolateral Structures
From the knee models, the relative position of the LCL and popliteus attachment sites on the femur, tibia, and fibula were determined ( Figure 2 ). The apparent lengths of the LCL and popliteus were directly measured from these models at each flexion angle. The insertion areas were separated into 3 equal portions, creating 3 equal bundles for the LCL (anterior, middle, and posterior) and the popliteus (superior, middle, and inferior). The centroids of each portion were calculated. There was no bony interference with the LCL path, and the apparent length of each bundle was defined as a direct line between the centroids of the insertion areas. Because the popliteus courses over bony contours of the femur and tibia, the direct line connecting the area centroids was projected on the bony surfaces to create a curved path ( Figure 3 ). The projected curves representing the fiber bundles of the popliteus † References 1, 2, 9, 15-17, 23, 26, 32-34, 39. were visually verified at each flexion angle so that they followed the behavior of the popliteus muscle-tendon unit described in cadaveric studies during knee flexion (eg, the relationship to the popliteal sulcus of the femur). 16, 17, 33, 37 The length of this projected curve was measured as apparent tendon and muscle length. This was done in a manner consistent with our previous studies investigating length change of other soft tissue structures of the knee that wrap around bones rather than having a straight path between 2 insertion sites (eg, medial collateral ligament). 30, 31, 38 Knee models of a typical person at different flexion angles are shown in Figure 4 .
Statistical Analysis
At each flexion angle, a Student t test was used to compare the length of the bundles between the control and PCL-injured knees. Statistical significance was set at P < .05. 
RESULTS
Lateral Collateral Ligament
A significant increase in the apparent length of the anterior, middle, and posterior fiber bundles of the LCL was observed at all flexion angles when the PCL-injured and -uninjured contralateral knees were compared (P < .01). In the uninjured contralateral knee, the apparent length of the anterior bundle increased from 55.6 ± 6.2 mm at 0° to 59.0 ± 6.1 mm at 120°. In the PCL-deficient knee, the apparent length of the anterior bundle increased from 57.8 ± 6.2 mm at 0° to 61.9 ± 5.7 mm at 120° ( Figure 5 ). In the uninjured knee, the apparent length of the middle bundle remained relatively unchanged throughout the flexion path of the knee from 54.9 ± 5.7 mm at 0° to 54.4 ± 5.5 mm at 120°. In the PCL-deficient knee, the apparent length of the middle bundle also remained relatively unchanged throughout the flexion path of the knee from 57.3 ± 5.9 mm at 0° to 56.9 ± 5.7 mm at 120° ( Figure 5 ). In the uninjured contralateral knee, the apparent length of the posterior bundle decreased from 53.9 ± 5.5 mm at 0° to 48.2 ± 6.1 mm at 120°. On the injured side, the apparent length of the posterior bundle decreased from 56.5 ± 5.9 mm at 0° to 51.9 ± 6.1 mm at 120° ( Figure 5 ).
The maximal significant difference between the uninjured contralateral and injured knee was at 120°, at which angle the apparent length of the posterior bundle measured 48.2 ± 6.1 mm and 51.6 ± 6.1 mm, respectively. This represents a 6.0% increase in apparent length compared with that of the same bundle in the uninjured contralateral knee at 120° of flexion.
Popliteus Muscle-Tendon Unit
The PCL injury caused an increase in the apparent length of the 3 fiber bundles of the popliteus ( Figure 5 ). In the uninjured contralateral knee, the apparent length of the superior bundle at 0° was 80.4 ± 6.2 mm, decreased to 77.0 ± 9.2 mm at 60°, and then increased to 81.5 ± 10.2 mm at 120°. In the PCL-injured knee, the apparent length of the superior bundle was measured as 82.9 ± 8.7 mm at 0° and increased to 86.2 ± 8.6 mm at 120°. The difference in apparent length of the superior fiber bundle was statistically significant at all flexion angles (P < .05). In the uninjured contralateral knee, the apparent length of the middle bundle was 92.3 ± 8.6 mm at 0°, decreased to 90.8 ± 9.4 mm at 30°, and then increased to 101.7 ± 10.9 mm at 120°. In the injured knee, the apparent length of the middle bundle was 95.5 ± 9.2 mm at 0° and increased to 104.0 ± 10.4 mm at 120°. The difference in apparent length of the middle fiber bundle was statistically significant at 0°, 30°, 60°, 75°, 90°, and 105° of flexion (P < .01). The apparent length of the inferior bundle in the uninjured contralateral knee was 102.9 ± 8.9 mm at 0°, decreased to 101.2 ± 9.3 mm at 30°, and then increased to 117.3 ± 11.1 mm at 120°. In the injured knee, the apparent length of the inferior bundle was 107.1 ± 9.5 mm at 0° and increased to 118.6 ± 11.5 mm at 120°. The difference in apparent length of the superior fiber bundle was statistically significant at 0°, 30°, 60°, 75°, and 90° of flexion (P < .01).
The maximal significant difference between the uninjured contralateral and the injured side was at 30° (P < .01), at which angle the apparent length of the inferior bundle was 101.2 ± 9.3 mm and 110.4 ± 10.2 mm, respectively. This represents a 9.2% increase in apparent length compared with that of the same bundle in the uninjured contralateral knee at 30° of flexion.
The average IKDC score at the time of scanning (22 months after injury) was 51.4.
These values include the data of 4 patients with partial meniscectomy and 1 patient with MR-documented intrasubstance signal abnormality in the posterior horn of the medial meniscus. In this subgroup of patients, similar trends were detected in the change of apparent length of the posterolateral structures at all studied flexion angles. The differences between uninjured contralateral and the injured side were greatest at 120° in the posterior bundle of the LCL (46.5 ± 6.2 mm and 49.1 ± 6.1 mm, respectively) and at 30° in the inferior bundle of the popliteus (98.0 ± 9.5 mm and 106.5 ± 10.2 mm, respectively).
DISCUSSION
This study investigated the effects of injury to the PCL on the apparent length change of the posterolateral structures of the knee in vivo during a quasistatic single-legged lunge from 0°t o 120° of knee flexion. The apparent lengths of the LCL and popliteus were measured as the distance between the insertion sites (surface projected). The uninjured contralateral knees were used as controls. The results showed that PCL deficiency significantly increased the apparent length of the fiber bundles of the LCL and popliteus. In the LCL, the difference between the uninjured contralateral and the PCLinjured knees was highest at 120° of flexion in the posterior bundle. The apparent lengths of the fiber bundles of the popliteus muscle were also found to be significantly increased, but the highest difference between the PCL-deficient and uninjured contralateral knees was observed at 30° of flexion in the inferior fiber bundle. On average, the highest differences between the uninjured contralateral and the PCL-injured knees were observed at high flexion angles when apparent lengths of LCL bundles were compared and at lower flexion angles when apparent lengths of the popliteus were compared.
The altered elongation patterns of the posterolateral structures could be explained by changes in tibiofemoral kinematics occurring in vivo during weightbearing flexion of the knee. Numerous studies have demonstrated that the PCL plays a pivotal role in resisting posterior translation and external rotation of the tibia. ‡ Furthermore, Li et al 21 recently observed that PCL deficiency causes not only a statistically significant increase in posterior tibial translation but also an increase in lateral shift of the tibia (approximately 1 mm) at 75° and 90°o f flexion. These changes in kinematics might help explain the increase in apparent length of the posterolateral structures during weightbearing knee flexion. We observed that the orientation of the LCL is such that the ligament passes from anterior proximally to posterior distally. The popliteus tendon traveled from its distal origin on the posterior wall of the tibia obliquely to its proximal insertion at the anterior end of the popliteal sulcus of the femur. Based on the orientation of the posterolateral structures of the knee, the increased posterior translation combined with increased lateral translation and external rotation of the tibia will elongate both the popliteus and the LCL.
Findings of the present study support the existing literature that suggest that the posterolateral structures may be at a greater risk of secondary injury after an isolated PCL rupture. 13 Höher et al 13 studied the effect of PCL deficiency on in situ forces in the posterolateral structures (LCL and popliteus complex) of 8 cadaveric knees using a robotic force-moment sensor testing system. They measured forces in response to 110 N of posterior load and 44 N of simulated popliteus muscle load and found that transection of the PCL increased the forces in the posterolateral structures up to 6 times from 0° to 90° of flexion in both loading conditions. These findings support observations from our study in which the LCL and popliteus were significantly more elongated in the PCL-deficient knees.
LaPrade et al 18 observed in an animal model that the posterolateral structures have minimal healing potential when injured. In their study of 14 New Zealand White rabbits, only 1 LCL and none of the popliteus tendons healed at 12 weeks. They also demonstrated inferior mechanical properties of the healing posterolateral structures. The excessive elongation of the posterolateral structures observed in our study might have a negative effect on the biomechanical function of the posterolateral structures, potentially hindering healing in the event of injury to the posterolateral structures of the knee.
There are limitations of this study that should be noted. (1) We measured the apparent length of the LCL and popliteus fiber bundles as the distance between the bundle insertion centroids on the tibia and femur. Because the popliteus wraps around the lateral condyles of the femur and tibia, a straight line connecting the centroids was projected onto the surfaces of the bones to create a curved path of the tendon. The length of the projected curve was measured as length of the popliteus muscle-tendon unit. A similar technique was used in our previous studies investigating the apparent length of the medial collateral ligament (MCL) of the knee. 30, 31, 38 (2) Another possible limitation is that the posterolateral structures are not as well delineated on MRI. However, it has been shown that their insertion sites can be reliably detected based on bony landmarks. § (3) Because patients were scanned, on average, 22 months after the injury, there is a possibility that patients might have suffered mild associated injuries to the posterolateral structures that were either mild and not detectable at the time of scanning or healed. Because isolated PCL injuries are relatively rare, we did include some patients who had partial tears of one of the menisci. Our current study number of 14 PCL-deficient patients did not have enough statistical power to analyze the effect of partial removal of the meniscus as well. The findings from this study might therefore have been affected by the meniscal damage. (4) These data cannot be directly related to strains of the posterolateral structures because the reference length of the structures (zero load length) is unknown. (5) We did not investigate the length changes of other posterolateral structures such as the popliteofibular ligament, arcuate ligament, or fabellofibular ligament. One reason for this was that these structures do not have bony attachments on either end. Moreover, there is variability in the anatomy of these structures. (6) The effect of PCL deficiency on the apparent length of posterolateral structures was studied during a quasistatic lunge, and a goniometer was used to control the flexion angles. Future research is needed to quantify the behavior of posterolateral structures during dynamic functional activities.
In conclusion, deficiency of the PCL alters the apparent lengths of the posterolateral structures (ie, LCL and popliteus muscle-tendon unit) during in vivo weightbearing flexion of the knee. The PCL injury caused a significant increase in apparent length of the posterolateral structures for most flexion angles when compared with the uninjured contralateral knees. The findings of altered length patterns of the posterolateral structures along with alterations in tibiofemoral kinematics in knees with PCL deficiency demonstrate that deficiency of the PCL upsets the in vivo knee homeostasis and puts the remaining joint soft tissue environment at greater risk of secondary injury. Therefore, it would be ideal to restore the knee kinematics to the preinjury level when a safe and effective surgical technique to do so is developed. By restoring the normal 6 degrees of freedom kinematics, secondary injury might be prevented and healing of the combined ligamentous lesions improved.
